Many studies have suggested that reproductive performance improves during the pair-bond, which might explain why individuals remate with the same partner in many species. However, discussion exists about whether the association between reproductive performance and pair-bond duration that is reported in these studies reflects a causal relationship. Usually it is unclear whether a positive association is caused by pairs improving during their pair-bond or by high-quality pairs staying together for longer. Furthermore, reproductive performance often also depends on the age or breeding experience of parents, which all covary with pair-bond duration. A much needed experimental approach is lacking so far. We investigated the effect of pair-bond duration on reproductive performance in a long-lived monogamous bird species based on natural as well as experimental variation. The duration of oystercatcher (Haematopus ostralegus) pair-bonds, which were followed for 21 years, strongly affected reproductive output, even after controlling for effects of age and breeding experience. Pairs improved during their pair-bond, and there were no indications of selective disappearance of low-quality pairs; however, pairs that stayed together for very long performed badly. Experimental removal of one partner showed that the reproductive cost of divorce depended on the pair-bond duration with the old partner. In addition, after remating, the newly formed pairs strongly improved again, independent of the age and breeding experience of the remated pair members. As such, this study provides the first experimental evidence of a causal effect of pairbond duration on reproductive performance.
R eproductive performance of iteroparous animals usually changes systematically during a lifetime (Clutton-Brock 1988; Newton 1989) . At least 30 studies, mainly on socially monogamous bird species, have suggested that changes in reproductive performance during a lifetime are (partly) caused by pairs improving during their pair-bond (reviewed by Fowler 1995; Black 1996a) . Such a ''mate familiarity effect'' (Black 1996b ) is important for our understanding of the evolution of long-term monogamy, as it might explain why in many species individuals remate with the same partner every year. Furthermore, it suggests pair members are more able (or willing) to cooperate during their pair-bond. Understanding the mechanism behind improved cooperation might shed light on the evolution of cooperation in repeated social interactions (Axelrod 1984) .
Several authors have noted that a correlation between pairbond duration and reproductive performance at the population level does not necessarily imply a causal relationship (e.g., Forslund and Pärt 1995; Ens et al. 1996) . First of all, reproduction is also often correlated with the age or breeding experience of males and females. Pair-bond duration usually strongly covaries with age and breeding experience, as pair members that have been together for very long are by definition also old and experienced breeders. Therefore, a statistical effect of pair-bond duration on reproductive performance might actually reflect a correlated causal change in one of these other age-related parameters (the age or breeding experience of the male and female). Several studies have used multiple regression techniques to distinguish between effects of age-related parameters and pair-bond duration (Fowler 1995; Black 1996a , and references therein); and 2 studies simultaneously investigated all age-related parameters of both sexes (Bradley et al. 1990; Pyle et al. 2001) . These studies suggest that even after statistically correcting for age effects, pair-bond duration remained important. However, the power of a statistical approach to accurately disentangle strongly intercorrelated effects is often limited (Graham 2003) . Reliable interpretation of the separate effect of pair-bond duration in a multiple regression approach can be strongly confounded by even low levels of multicollinearity with age and breeding experience (Ens et al. 1996) ; very large sample sizes are required to overcome this problem.
A second type of alternative explanations suggests that a correlation at the population level between pair-bond duration and reproductive performance might reflect progressive changes in the phenotypic composition of a population (e.g., Black 2001) . For example, low-quality pairs might divorce more often (or die younger), resulting in pairs with long pair-bonds being of high phenotypic quality. Such selective divorce or widowing can result in a correlation at the population level, without any improvement in reproductive performance within pairs.
Because few studies investigated all alternative explanations (but see Bradley et al. 1990; Pyle et al. 2001) , some authors have questioned the overall evidence for an improvement of reproductive performance during the pair-bond (discussed by Cézilly and Nager 1995; Pärt and Forslund 1995; Ens et al. 1996) . They argued experimental control is crucial because a statistical approach cannot correct for possible important unmeasured parameters that are correlated with pair-bond duration (e.g., individual quality, breeding site fidelity).
In this study, we investigated whether pairs of the long-lived monogamous oystercatcher (Haematopus ostralegus) improved reproductive performance during their pair-bond using both an observational as well as an experimental approach. We first investigated the effect of pair-bond duration on reproductive performance in a large group of pairs, which were followed up to 21 years. We statistically controlled for confounding effects of other age-related parameters of the male and female parents. In addition, we investigated whether a correlation between pair-bond duration and reproductive performance was caused by selective divorce (or widowing) of low-quality pairs. Subsequently, we experimentally tested whether pair-bond duration affects reproductive performance by removing birds, forcing the remaining partner to remate. We investigated whether the reproductive cost of divorce depended on the pair-bond duration with the removed partner. In addition, we investigated whether the newly formed pairs improved their reproductive performance in the 4 years after remating.
MATERIALS AND METHODS
From 1983 until 2003, we followed a population of approximately 100 breeding pairs on Schiermonnikoog (32°29#N 6°14#W), an island in the Dutch Wadden Sea. All breeders and their fledglings were color banded, as well as a large part of the nonbreeders. Every year we followed the breeding performance of all pairs (protocol see van de Pol, Bakker et al. 2006) . Oystercatchers breed on the salt marsh and feed on the adjacent intertidal mud flats. Following earlier studies, we designated territories with adjacent feeding and nesting areas as high-quality territories and territories with spatially separated feeding and nesting areas as low-quality territories (Ens et al. 1992) . Pairs with high-quality territories (residents) consistently produce 2-3 times more fledglings each year than pairs in low-quality territories (leapfrogs). Both male and female oystercatchers contribute about equally to the parental care of their semi-precocial offspring. Birds were sexed using DNA analysis (Heg, Dingemanse, et al. 2000) , biometric measurements (Zwarts et al. 1996) , and observations of copulations (Heg et al. 1993 ).
Pair-bond duration, age, and breeding experience
Oystercatchers are long-lived, socially and genetically monogamous, and have high breeding site fidelity (Heg et al. 1993 (Heg et al. , 2003 Heg, Ens, et al. 2000) . Age at first reproduction is extremely variable (range 3-11 years); established breeders display some intermittent breeding (Bruinzeel 2004) . Annual resighting probability of breeders in this population is virtually one.
Analyses were restricted to birds with exact known pair-bond duration, that is, pairs that were ringed at the start of the study were excluded. Only a part of the breeding population was of known age (16%) because only individuals ringed as fledgling or juveniles could be exactly aged on morphological characteristics (Prater et al. 1987) . The age and breeding experience of known-aged individuals were highly intercorrelated within both sexes (#: r ¼ 0.83, $: r ¼ 0.82). However, due to frequent divorce (8% annually) and widowing (7% mortality annually), correlations between pair-bond duration and age (or breeding experience) of males or females were less strong (r ¼ 0.4-0.5). Because collinearity between age and breeding experience were extremely high, we decided to include only effects of male and female breeding experience and pair-bond duration in the analyses. We preferred to include effects of breeding experience over age effects because breeding experience could also be estimated for individuals of unknown age. Many breeders were already banded when they were a nonbreeder, which allowed exact determination of the amount of breeding experience. In addition, we assumed that unbanded birds entering the breeding population had no previous breeding experience because many breeders in surrounding areas were also color banded and breeding dispersal is very local (van de Pol, Bruinzeel et al. 2006) . To verify that estimated breeding experience was an unbiased estimator of real breeding experience, we calibrated estimation rules on individuals that were ringed as juveniles. Estimated breeding experience predicted exact breeding experience very well (r ¼ 0.88). Although age effects were omitted from analyses, interpretations of effects of breeding experience also encompass age effects.
Reproductive parameters
We omitted all experimentally manipulated pairs and pairs that could not be assigned to a nest with complete certainty. To quantify the effect of pair-bond duration on annual reproductive output, we used the annual number of fledglings produced by each pair. To investigate effects of pair-bond duration on different stages of the breeding cycle, reproductive performance was further partitioned into laying date, clutch size, egg survival, and chick survival ( Table 1 ). Note that fledgling production is the result of clutch size 3 egg survival 3 chick survival; laying early is strongly associated with high fledgling production, as in most bird species. Clutch size and fledgling production were known for 1224 pair years; records for other reproductive parameters were less complete (Table 1) . We analyzed laying date, clutch size, egg survival, and chick survival of first clutches only; chick survival could only be determined of nests in which at least one egg hatched. Of all pair years, 82% had only one clutch per year, 17% had one replacement clutch, and 2% had 2 or more replacement clutches per year.
Statistical procedure
We used generalized linear mixed models (Snijders and Bosker 1999) to account for sources of interdependency between individual measurements. In this data set, there were many repeated measurements of the same male or female (on average 5.3 cases per individual, range 1-19), which might be intercorrelated; similarly, measurement of different individuals in the same year might be intercorrelated due to betweenyear differences. We modeled female identity, male identity, and year identity as cross-classified random effects with individual measurements nested within these random effects. The advantages of the random effects approach we use in this study over more conventional approaches to the analyses of age-dependent reproduction are discussed in more detail in van de Pol and Verhulst (2006) . Analyses were performed with MLwiN 2.0 (Rasbash et al. 2004 ).
We entered linear and quadratic effects of pair-bond duration as well as male and female breeding experience as continuous variables into the model. Collinearity between pair-bond duration and the breeding experience of both sexes might make correct model selection problematic (Graham 2003) ; therefore, we estimated the effect of pair-bond duration in the presence of any effects of breeding experience of the male and the female. Nonsignificant quadratic terms of age-related parameters were removed from the model, but linear terms were always retained in the model, significant or not.
For the final model, we tested whether other curvilinear functions of age-related parameters (inverse and logarithmic functions) fitted better than linear and quadratic effects (cf., Sydeman et al. 1991) . Both a linear, inverse, and logarithmic functional response can depict a monotonic increase in reproductive performance, but a quadratic functional response might indicate a decline after an initial increase. We compared these nonnested curvilinear models by using Akaike's Information Criteria (AIC) scores (Akaike 1973) . Models within 2 AIC units of each other were considered equally well supported (Burnham and Anderson 2002) .
Effects of pair-bond duration in cross-sectional analyses can be caused by within-pair changes as well as by progressive changes in the phenotypic composition in the population. Therefore, we verified whether individuals or pairs that disappeared from the population (either due to divorce or due to mortality) were of high or low phenotypic quality. More specifically, by entering the maximum pair-bond duration of a pair as a covariate to the final model, we were able to specifically test for a between-pair covariation with the reproductive parameter of interest (sensu van de Pol and Verhulst 2006; for an alternative approach, see Black 2001) . For example, a positive correlation between the maximum pair-bond duration of a pair and its overall fledgling production indicates that high-quality pairs stayed together for longer.
Experimental mate removal: manipulating pair-bond duration
We manipulated pair-bond duration by removing randomly selected partners (either the male [n ¼ 9] or the female [n ¼ 11]) during the incubation phase; the removed birds were kept in captivity permanently. By removing one of the partners and letting the remaining partners remate with another bird, the pair-bond duration of the newly mated partners was reset to one. This experiment was conducted as part of an earlier study on the mechanisms of territory acquisition by nonbreeders (Bruinzeel and van de Pol 2004 ) and on the competitive abilities of the removed breeders on neutral grounds in captivity . In contrast to these previous studies, here we used the experimental removal of breeders to investigate what happened to the individuals that were not experimentally removed.
When manipulating pair-bond duration in the field, it is not possible to keep all other age-related traits constant. More specifically, the nonremoved individuals increased normally in age and breeding experience during the experiment; and by inducing remating, not only the pair-bond duration but also the age and the breeding experience of the partners were manipulated. However, changes in age and breeding experience of the nonremoved partner during the experiment were the same for all individuals and were rather small compared with the manipulated difference in pair-bond duration and breeding experience between the old and new partner. Furthermore, by removing both males and females, we were able to disentangle effects of manipulated changes in pairbond duration, age, or breeding experience. For example, when only effects of male age or breeding experience would affect reproductive performance, then we would expect that only the experimental removal of a male partner and subsequent remating would affect the reproductive performance of the nonremoved partner (the removal of a female partner does not manipulate male breeding experience). Alternatively, when pair-bond duration affects reproductive performance, we would expect that the removal of males as well as females would result in a change in reproductive performance of the new partner, as pair-bond duration is manipulated in both types of removals.
We followed the change in reproductive performance of the nonremoved individual in the 4 years before and the 4 years after the removal and related this to the change in pairbond duration. Measurements of reproductive performance were corrected for variation between years and territory quality by subtracting the average value per year and territory type from each measurement. Experiments were performed in 1998 and 1999 under license number 2099 of the Animal Experiment Board of the University of Groningen; detailed methods are described in Bruinzeel and van de Pol (2004) . The individuals of whom the partners were removed were excluded from the larger data set described in the previous section. Regrettably, in the years after the experiment, the salt marsh flooded during the incubation phase, which severely reduced sample sizes for most reproductive parameters with exception of laying date. Therefore, only this reproductive parameter could be analyzed.
RESULTS

Observational patterns
The aim of combined analyses of natural and experimental variation in pair-bond duration and reproductive performance is to compare both patterns. However, experiments were carried out on individuals that did not change territory; therefore, we first analyzed the association between pairbond duration and territory quality in the observational data set. Pair-bond duration did not affect the probability of owning a high-quality territory (Table 2A) . However, inexperienced males and females had a much lower probability of owning a high-quality territory than experienced males and females ( Figure 1 and Table 2A) . A quadratic functional response of male breeding experience resulted in higher model support (DAIC ¼ 2.3) than an inverse or logarithmic function of male breeding experience. This suggests that the probability of owning a high-quality territory van de Pol et al. • Reproduction improves during pair-bonddecreased again for males with more than 10 years of breeding experience, whereas this decline was not apparent in very experienced females. Because we were primarily interested in the occurrence of improvement independent of the environment in which individuals lived, we statistically corrected for territory quality in all other analyses.
Both pair-bond duration and male breeding experience were associated with several reproductive parameters; female breeding experience did not affect any of the reproductive parameters. Lay date was associated with both pair-bond duration and male breeding experience (Table 2B) . Pairs with long pair-bond duration laid earlier than newly formed pairs; Table 2 Final models of analyses of effects of age-related parameters on reproductive performance: (A) probability of owning a high-quality territory, (B) laying date, (C) clutch size, (D) egg survival, (E) chick survival, and (F) annual fledgling production Note that in models that use a log or logit link function, the residual variance is constrained to be 1. however, pairs that had been together for over 10 years laid very late ( Figure 2B ). Laying dates were 0.4 days earlier for each year of breeding experience of the male (Figure 2A ). Clutch size was associated with male breeding experience only (Table 2C) . Clutch size was slightly higher for experienced males than for first time breeders and seemed to be lower again for very experienced males ( Figure 2C) ; however, overall differences were small (0.3 eggs). Egg survival was low for newly formed pairs, highest for pairs that had been together for 5-7 years, but declined again for pairs that had been together for very long ( Figure 2D and Table 2D ). Chick survival was not significantly associated with any of the agerelated parameters, although there was a suggestion that chick survival declined with male breeding experience (P ¼ 0.078, Table 2E ). Annual reproductive output was associated only with pair-bond duration. Newly formed pairs produced few fledglings each year, production increased strongly after their first year together and remained high up to the seventh year of the pair-bond; however, very old pairs performed extremely poor ( Figure 2F and Table 2F ). Annual fledgling production was not associated with male breeding experience ( Figure 2E and Table 2F ), probably because the strong positive effects on lay date were canceled out by the negative trend with chick survival. Interactive effects of male and female breeding experience (the sum or product of male and female breeding experience) did also not affect final reproductive output (both P . 0.4).
Quadratic relationships always explained the observed relationships between age-related parameters and reproductive parameters at least as good as inverse or logarithmic relationships. The quadratic effect of pair-bond duration on lay date, egg survival, and annual fledgling production described the data better than other curvilinear relationships (all DAIC . 2). This suggests that lay date, egg survival, and fledgling production first increased with pair-bond duration, peaked at intermediate pair-bond duration, and subsequently declined (and did not level off) at very long pair-bond duration. Pairs that broke up early (low maximum pair-bond duration) were of similar quality as pairs that stayed together for very long (high maximum pair-bond duration). This result follows from the observation that maximum pair-bond duration did not covary with lay date (b ¼ 0.32 6 0.22; v 2 ¼ 2.4, P ¼ 0.12), egg survival (b ¼ 0.01 6 0.03; v 2 ¼ 0.03, P ¼ 0.86), or annual fledgling production (b ¼ 0.02 6 0.03; v 2 ¼ 0.48, P ¼ 0.49) when evaluated in the final models presented in Table 2 . As there was no evidence in favor of selective disappearance of high-or low-quality pairs, older pairs must have performed better because they improved during their pair-bond.
Experimental mate removal
We compared the changes in lay date in the 4 years before and the 4 years after the mate removal experiment. We calculated the individual change (slopes) in laying dates for the 4 years before and after the divorce separately ( Figure 3A ). Slopes were similar between the sexes before and after divorce (both P . 0.2). Slopes before the divorce were not significantly different from zero (average ¼ 1.4 6 1.2 days/year, t 1,12 ¼ 1.16, P ¼ 0.27). However, slopes after divorce differed significantly from zero (average ¼ ÿ4.6 6 1.6 days/year, t 1,12 ¼ ÿ2.94, P ¼ 0.012) and differed significantly from the same individuals' slopes before the divorce (Dslopes ¼ ÿ6.0 6 2.0 days/year, paired t 1,12 ¼ ÿ3.06, P ¼ 0.010). This indicates that the same nonremoved individuals, which had a constant laying date in the 4 years before the divorce, started advancing their laying dates after they remated with a new partner, independent of the sex of the nonremoved bird. The age and breeding experience of the new partners were not systematically higher or lower than the age of the removed old partners (age: paired t 1,12 ¼ ÿ0.05, P ¼ 0.96; breeding experience: paired t 1,12 ¼ ÿ0.58, P ¼ 0.57). Therefore, the change in slopes before and after the divorce, which was similar in both sexes, cannot easily be explained by a change in age or breeding experience of either males or females. Laying dates were expressed relative to the mean laying date for that year and territory quality, and consequently, the experimental effect can also not be explained by general environmental differences between years or territories.
The relationship between pair-bond duration and laying date in the observational data set suggested that experimental mate removal should also result in an immediate cost of divorce as it results in a decrease in pair-bond duration (except for newly formed pairs). Therefore, we also calculated the absolute change in standardized laying dates from the year before to the year after the divorce. Based on the observational patterns ( Figure 2B ), we expected that new pairs would not benefit from divorce (no change in lay date), pairs that had been together for up to 10 years should suffer a cost of divorce (delayed egg laying), but that very old pairs should 
Figure 1
Effects of (A) male breeding experience and (B) female breeding experience on the probability of owning a high-quality territory, adjusted for all other fixed and random effects in the final models (Table 2A) . On average, 45% of the population owns a high-quality territory. Note that very experienced individuals (18 years and more) were grouped for graphical reasons-analyses were performed on ungrouped values. Sample sizes are above the x axis.
van de Pol et al.
• Reproduction improves during pair-bondeven benefit from divorce (advance egg laying). The mate removal experiment was qualitatively exact in agreement with expectation, although the quantitative changes were much stronger than expected (up to 1 month delay or advancement, Figure 3B ). The change in laying date was quadratically proportional to the change in pair-bond duration ( Table 3 ). Note that the change in pair-bond duration is equivalent to the pair-bond duration before the experiment minus one, as all individuals remated with new partners. The effect of pair-bond duration before the experiment on changes in laying date differed between the sexes, with male removals more often resulting in delayed laying when young pairs were manipulated. The pair-bond duration before the divorce explained 60% of the variance in both sexes in changes in laying date due to the divorce. Changes in other age-related traits due to the divorce, especially male breeding experience, did not correlate with the change in laying date (Table 3 ). The observed patterns were probably not the result of problems associated with finding a new mate in time for the next breeding season, as most individuals remated within a week (Bruinzeel and van de Pol 2004) . Furthermore, a comparison between changes in lay date between the year before the divorce and 2 years after the divorce resulted in very similar patterns as in Figure 3B (results not shown).
DISCUSSION
Our finding that reproductive performance improves during the pair-bond is in agreement with the observation that remated pairs outperformed newly formed pairs in another population of oystercatchers (Harris et al. 1987) , as well as in many other bird species (Fowler 1995; Ens et al. 1996) . Reproductive output improved strongly during the first years of the pair-bond; however, pairs that had been together for very long performed very badly ( Figure 2F ). These patterns remained after controlling for effects of breeding experience of the male and female. The association between pair-bond duration and reproductive performance in the cross-sectional analyses was not caused by high-or low-quality pairs breaking up earlier but due to within-pair changes. The initial increase in annual fledgling production during the pair-bond seemed to have resulted from an advance of timing of egg laying and an increase in egg survival during the pair-bond ( Figure  2B ,D). About a dozen other studies have also reported a negative association between laying date and pair-bond duration (Fowler 1995) . These same studies did not investigate or report a positive association between egg survival and pair-bond duration; however, such an association was nonetheless likely to be present in these studies, as eggs laid early in the season B   97  100  99  89  94  85  80  70  59  53  46  39  24  15  20  13  9  14  250  196  141  111  86  68  54  39  31  12  5  13 adjusted lay-date (days) Effect of male breeding experience on (A) laying date, (C) clutch size, and (E) annual fledgling production and the effect of pair-bond duration on (B) laying date, (D) egg survival, and (F) annual fledgling production. Reproductive parameters were adjusted for all other fixed and random effects in the final models (Table 2B -F). Note that very experienced individuals and pairs were grouped for graphical reasonsanalyses were performed on ungrouped values. Sample sizes are above the x axis.
usually have a higher chance of survival in most birds (Perrins 1970) . Several other studies have conducted mate removal experiments (e.g., Sherry and Holmes 1989; Otter and Ratcliffe 1996) ; however, to our knowledge, this is the first study that manipulated pair-bond duration and analyzed it in that context. The manipulated change in pair-bond duration due to the experimental mate removal and subsequent remating strongly affected the reproductive performance of the nonremoved partner (Figure 3) . Because it is impossible to manipulate pair-bond duration and keep the age and breeding experience of the new partners constant in a field situation, it was crucial to remove both males and females. For example, if only male breeding experience affected reproductive performance, we would have expected no effect on the nonremoved individual in cases where a female partner was removed, as the removal of a female partner does not manipulate the male breeding experience. However, the removal of either a male or a female partner affected the reproductive performance of the nonremoved partner in a qualitatively similar way, although the strength of response differed somewhat between the sexes ( Figure 3B) . Therefore, the combined observational patterns and experimental manipulation of pair-bonds provide strong support for a causal relationship between pair-bond duration and reproductive performance.
A causal effect of pair-bond duration on reproductive performance implies that a divorce incurs an immediate cost, as a result of a loss in mate familiarity (except for newly formed pairs). The mate removal experiment confirmed that the change in laying date was dependent on the reduction in pair-bond duration due to the divorce. Although the result of the experiment qualitatively supported the observational data, the quantitative changes in laying date were much stronger in the experiment. We do not understand why changes after experimental remating were much stronger than natural patterns. Potentially the act of removal itself may have resulted in a trauma to the nonremoved partner. We did not directly control for such a ''trauma effect,'' as we had no control group in which the same individuals were first removed and later released. However, we think it is unlikely that a trauma effect would have resulted in a higher cost of divorce, as most birds remated within a week (Bruinzeel and van de Pol 2004) , and it seems unlikely that this would have affected their laying date almost a year later. Moreover, it is not obvious why a hypothetical trauma effect would vary quadratically with pairbond duration.
Interestingly, both the observational and experimental data suggest it would be beneficial for very old pairs to divorce. However, the probability of divorce was independent of pair-bond duration or any other age-related trait (logistic regression, all P . 0.10, N ¼ 1224 pair years). Possibly, old pairs do not divorce more often because the number of vacancies is limited in a natural situation; consequently, initiating divorce could result in becoming a nonbreeder. However, this does not explain why in another population of oystercatchers it was found that newly formed pairs divorced most often (Harris et al. 1987) .
After the experimentally induced remating, the newly formed pairs advanced their timing of reproduction with 2 weeks over the next 4 years. Long-term gradual improvements of reproductive performance are consistent with a mate familiarity effect (Black 1996b) and were also observed after natural divorce in oystercatchers (Heg et al. 2003 ) and shorttailed shearwaters (Puffinus tenuirostris) (Bradley et al. 1990 ). Studies reporting improvements of reproductive performance associated with age-related traits usually report a strong initial improvement early in life or during the pair-bond. This observation is consistent with the idea that individuals or pairs have to become familiar with specific reproductive tasks (e.g., mate coordination) and resembles classical learning curves . Within-pair improvements in laying date were not limited to the first few years of the pair-bond, but pairs gradually advanced laying up to their ninth year of the pair-bond. Most strikingly, after an initial improvement, pairs deteriorated strongly in reproductive performance during the remainder of their pair-bond. Pairs that had been together for over 12 years produced much less offspring each year than young pairs ( Figure 2F) . A decline in reproductive performance at high values of pair-bond duration was not a statistical artifact because also in the experiment a quadratic relationship was observed. Furthermore, a decline at long pairbond duration does not seem to be an exceptional pattern in studies that report effects of pair-bond duration on reproductive Figure 2B ). All laying dates are adjusted for year and territory quality effects, and we subtracted each individual's overall average laying date. Sample sizes in (B) were higher due to missing values in (A).
performance (Ens et al. 1996) . Possibly, the decline in reproductive performance is an inescapable cost of the high reproductive performance in the first years of the pair-bond duration and can be interpreted as reproductive senescence. The behavioral changes that underlie the change in reproductive performance during the pair-bond are probably not primarily determined by changes in the individual behavior of the male or the female. More likely, they are the result of synergistic effects between male and female (i.e., how they function as a pair). Possible candidate behaviors must therefore be the result of the actions of both the male and the female, in particular the responses to each other (i.e., improved intrapair coordination or cooperation). The analyses of different measures of reproductive performance offers further insight in the underlying mechanisms of overall improvement of reproductive output. The strong effect of pair-bond duration on annual fledgling production can largely be explained by the combined effects of pair-bond duration on laying date and egg survival. This suggests that the behavioral mechanisms underlying these improvements are acting during the prelaying and egg incubation period. Prelaying candidate behaviors could include the mate coordination and cooperation in defending a rich feeding territory, as laying date in oystercatchers is affected by access to food (Heg 1999) . Egg survival is mainly determined by egg predation (predominantly by gulls and possibly rats). To protect the eggs, both the male and the female have to sit on the nest for almost 12 h a day each, consequently, oystercatchers are time stressed as they can only use half the usual available time during low tide to feed. Possible candidate behaviors during egg incubation could involve the coordination of incubation bouts and the efficiency of the division of labor between both sexes. Increasing mate familiarity during a pair-bond could help in fine tuning such cooperative behavior.
Other studies that have investigated behaviors that could be responsible for a mate familiarity effect offer only a few hints. Various behaviors in Pinyon jays (Gymnorhinus exanocephalus) and dominance positions in Bewick's swans (Cygnus columbianus) were not associated with pair-bond duration (Marzluff et al. 1996; Reese et al. 1996) . However, a study on Barnacle geese (Branta leucopsis) suggested that long-term pairs occupy better positions in feeding flocks, possibly as a result of increased dominance during the pair-bond .
A study on Zebra finches (Taeniopygia guttata) suggested that incubation behavior might improve during the pair-bond (Delesalle 1986 ). However, showing that certain behaviors are associated with pair-bond duration does not prove causation for the same reasons that an association between reproduction and pair-bond duration does not prove a mate familiarity effect (see introduction). It is clear that there is still a long way to go from current phenomenological descriptions of improved reproductive success during the pairbond to a mechanistic understanding of how pairs achieve such an increase in reproductive performance. As such, we fully support Ens et al. (1996) plea for more detailed behavioral studies on this topic.
So far we assumed, as did most studies, that all individual or pair improvements are due to an accumulation of different types of experience (Curio 1983 ). An alternative explanation would be that individuals restrain themselves at a younger age for optimality reasons when current reproduction is traded off against future reproduction and survival declines with age (Pianka and Parker 1975; Curio 1983 ). However, we consider this explanation unlikely because there is no evidence for age-dependent mortality among adult oystercatchers (Schnakenwinkel 1970) . More importantly, the restraint hypothesis only predicts that individuals should optimize their current reproductive effort in relation to their life expectancy, and therefore, the restraint hypothesis cannot explain why reproductive effort should be optimized in relation to pairbond duration. Nonetheless, reasons for adjusting reproductive effort in relation to pair-bond duration might exist. Roberts and Sherratt (1998) suggested cooperation can evolve in individuals that gradually increase their investments in repeated reciprocal interactions (''raise-the-stakes'' strategies), as this strategy is robust against individuals that try to exploit their partners. Several experiments have shown that humans used such strategies to improve cooperation between unrelated partners (Wedekind and Milinski 1996; Roberts and Renwick 2003) . Consequently, the idea that pairs might have restrained themselves from producing more offspring at the beginning of the pair-bond (as a result of a conflict in a cooperation game) might be an alternative explanation for a mate familiarity effect.
Studies on divorce and the evolution of monogamy have largely focused on 2 types of explanations for why long-term Table 3 Effects of experimentally induced changes in age-related parameters on the change in laying date with the old partner in the year of divorce (mate removal) and new partner in the year after divorce SE, standard error; df, degrees of freedom. Sex refers to the sex of the removed partner; territory quality refers to the territory quality in which the experiment was performed. Pair-bond duration is the pair-bond duration before the experiment, which is equivalent to the change in pair-bond duration as all remaining individuals started out with a new partner.
mate fidelity exists (Black 1996a) : 1) potential costs of divorce (finding a new partner, losing a territory) and 2) potential benefits of maintaining pair-bonds (due to mate familiarity effects). A comparison between species seems to confirm the important role of mate familiarity effects on divorce decisions: studies that reported effects of pair-bond duration on reproductive success were mainly on bird species with low divorce rates (5.8 6 2.1% annually, N ¼ 8), whereas studies that failed to find an effect of pair-bond duration were on bird species with high divorce rates (18.7 6 6.7%, N ¼ 7, calculated from data in Ens et al. 1996) . However, both types of explanations for why long-term mate fidelity exists are not mutually exclusive. For example, in oystercatchers, the availability of breeding territories is strongly limited; initiating a divorce by deserting your mate is thought to be very risky and can result in losing your territory, especially for breeders in high-quality habitat (Heg et al. 2003) . Finally, the important role of the pair-bond suggests that reproductive performance is not purely an individual trait, but that reproductive performance is the result of an interaction between the phenotypes of the male and the female. Synergistic effects during the pair-bond were very strong in this study, and such strong effects do not seem to be uncommon in monogamous bird species (Ens et al. 1996) . This poses the question to what extent synergistic effects might interact with natural selection shaping individual life history patterns (Moore et al. 1998) . Much more work is needed to address these types of questions, but given the complex nature of such question, experimental approaches such as this study seem to be crucial.
